potential commonalities that may place children at risk, and to review the surgical and medical management of these patients.
Methods
We performed a retrospective review of all children who were admitted through the emergency department at a regional Level 1 pediatric trauma center from January 1, 2000, through the end of 2015. All children who incurred an injury requiring a neurosurgical consultation were included in the study. Children with injuries to the scalp, without documented trauma to the cranial vault, were excluded from review. This study protocol was approved by the Colorado Multiple Institutional Review Board.
results
A total of 124 children were evaluated for dog bites to the head, face, and neck. Seventeen (13.7%) of these children incurred injuries requiring neurosurgical consultation.
In this subset of 17 patients, 9 females (53%) and 8 males (47%) were victims of a dog attack (Table 1) . Age at the time of attack ranged from 6 to 125 months with a mean age of 30 months. Eight attacks occurred in an urban area and 9 in a rural location. Thirteen (76%) of the attacks took place at the patient's home. The breeds involved in the attacks were as follows: German Shepherd (n = 3), Akita (n = 3), Pit Bull (n = 2), American Bulldog (n = 2), Labrador Retriever (n = 2), large mixed breed (n = 2), Great Dane (n = 1), Rottweiler (n = 1), and unknown breed (n = 1). Twelve (71%) of the dogs were family pets, 2 (12%) were a friend's/neighbor's pet, and 3 (18%) dogs were unknown to the victims. All attacks were unprovoked. Only one of the dogs was known to be involved in a previous attack, which was against the patient's sibling on the same day. Otherwise, no dogs were noted to have shown previous signs of aggression.
Sixteen patients (94%) were admitted to the hospital after the attack, and 1 patient was discharged directly from the emergency department. Of those patients admitted to the hospital, 5 were to the intensive care unit and 10 to the neurosurgical ward; documentation was lacking in 1 case. Hospital length of stay ranged from 2 to 143 days with a median stay of 3 days. Neurosurgical injuries included nondepressed skull fracture in 5 patients, depressed skull fracture in 10, intracranial hemorrhage in 5, cerebral contusions in 4, dural laceration in 4, pneumocephalus in 5, clinically evident CSF leakage in 3, spinal fracture with complete spinal cord injury (SCI) in 1, stroke in 2, vascular injury in 2, and cranial nerve injury (hypoglossal and facial nerve) in 1. The 2 cases of stroke were secondary to direct injury to the M 3 and M 4 branches of the middle cerebral artery in one case and from complete occlusion of the cervical internal carotid artery (ICA) due to traumatic dissection in the other (both cases detailed below). Of the children who were found to have intracranial hemorrhage, 5 had traumatic subarachnoid hemorrhage, 3 had intraparenchymal hemorrhage, 1 had a subdural hematoma, and 1 had intraventricular hemorrhage. Eight patients had concomitant injuries to the eyes, ears, or face, 2 patients had remote injuries (one patient with multiple rib fractures causing flail chest and another with deep lacerations to the back and arms), and 1 patient had injuries to the neck.
Surgical intervention was required in 12 patients (71%). A total of 22 neurosurgical procedures were performed in 10 patients (59%). Eight patients (47%) underwent a single neurosurgical intervention, while 1 patient (Case 5) required 3 neurosurgical procedures (CSF drainage via lumbar drain, posterior spinal fusion, and intrathecal baclofen pump placement), and the remaining patient (Case 11) underwent multiple neurosurgical procedures (11 procedures in 8 separate settings). Eight patients required other surgical procedures including laceration repair, parotid gland exploration, rib plating, tracheostomy, percutaneous endoscopic gastrostomy, and plastic surgery. Neurosurgical procedures included decompressive craniectomy (n = 1), external ventricular drainage (n = 3, all performed in Case 11), ventriculoperitoneal shunt placement (n = 1), ventriculoperitoneal shunt revision (n = 1), intracranial pressure monitoring (n = 1), removal of intracranial packing material (n = 1), wound washout and debridement (n = 2, both performed in Case 11), exploration of the cervical ICA (n = 1), elevation of depressed skull fracture (n = 3), dural repair (n = 2), laceration repair with exploration of skull fracture (n = 1), lumbar drain placement for CSF leakage (n = 1), reduction and internal fixation of frontal sinus fracture (n = 1), posterior spinal fusion (n = 1), debridement and closure of complex scalp wound on top of a skull fracture (n = 1), and placement of an intrathecal baclofen pump several years after SCI (n = 1). No complications were directly attributed to surgical intervention. Two patients (12%) required transfusion of blood products at the time of surgery. One patient (Case 11) experienced cardiac arrest at the time of decompressive craniectomy but was successfully resuscitated. Neurological deficits developed in 3 patients (18%), all of which were catastrophic. These included hemiparesis and significant developmental delay in 2 patients and a T-6 level paraplegia secondary to complete spinal cord injury in another (Table 2) . Prophylactic antibiotics were administered in 16 patients (94%), while status of administration was unknown in 1 case. All patients initially received intravenous antibiotics, with most being converted to an oral medication after 1-2 days. Three patients without definitive evidence of infection received a prolonged period (> 3 weeks) of intravenous antibiotics. All of these patients were younger than 12 months with evidence of dural penetration and injury involving the brain parenchyma, leading to a high level of concern for the development of central nervous system infection. One patient with extensive tissue loss of the scalp and skull (Case 11, detailed below) had confirmed infection involving the site of injury, detected on 2 separate occasions. The initial infection was detected within the 1st week with cultures positive for Klebsiella and Pseudomonas spp. The second infection was delayed, occurring approximately 3 months after the initial injury, and was caused by a fungal species, Scedosporium.
illustrative cases

Case 2
This 4-year-old boy (previously included in a study by Calkins et al. 2 ) was riding his bike with his father in a rural area when he was attacked by a dog of unknown breed. He incurred several lacerations to the head, face, and neck. Initial evaluation in the emergency department revealed a nondisplaced left temporal bone fracture with associated pneumocephalus and subarachnoid hemorrhage and subcutaneous emphysema within the soft tissues of the neck. Initial CT scanning of the neck with contrast was read as negative for any vascular or cervical spine injury at the time; however, upon review of the imaging, we were able to detect a complete occlusion of the left cervical ICA. The patient underwent exploration and repair of the neck lacerations on the day of the injury, at which time no external injury to the cervical ICA was noted. He was admitted to the intensive care unit for close observation. The day after the attack he experienced a generalized tonic-clonic seizure, after which he developed a right hemiparesis. Cerebral angiography was performed that revealed occlusion of the left ICA and vertebral artery at the level of C2-3. A CT scan of the head revealed a large area of infarction within the left middle cerebral artery territory. Anticoagulation was started immediately. On further examination, the patient was noted to have absent function of the hypoglossal and facial nerves on the ipsilateral side of the attack. The patient subsequently had a prolonged hospitalization requiring tracheostomy and gastrostomy tube placement for respiratory and feeding difficulties, respectively. At the time of last follow-up, his hemiparesis had significantly improved, but he continues to have developmental delay.
Case 5
This 3-year-old girl (previously included in a study by Calkins et al. 2 ) was in the backyard with the family Akita on the day of the attack. The patient's mother found the child face down on the ground surrounded by a large amount of blood, with the Akita nearby. The patient was found to have multiple rib fractures and flail chest for which a chest tube was placed. CT scanning of the thoracic spine revealed multiple fractures of the posterior elements of T4-6 without any ongoing cord compression. MRI revealed T2 hyperintensity within the spinal cord at the level of the injury (Fig. 1) . At the time of arrival to the hospital, her examination findings were consistent with a complete thoracic-level spinal cord injury. She underwent exploration of the thoracic cage wound with plating of the ribs, at which time a frank CSF leak was encountered with communication between the thecal sac and pleural cavity. A lumbar drain was placed, and this successfully stopped the CSF leak after several days of drainage. The patient had a prolonged course in the intensive care unit and eventually underwent a T4-10 posterior spinal fusion for stabilization. She did not recover any neurological function and remains paraplegic at the T-6 level. Since her hospitalization, she has required intrathecal baclofen pump placement for treatment of spasticity.
Case 11
This 9-month-old boy was attacked by the family's American Bulldog (Fig. 2) . The child was playing on the floor near his mother when the dog jumped onto the child, biting him directly on the head and pinning him to the floor. The mother was able to pry the dog from the child, but immediately noted a large scalp defect and fragments of the child's skull strewn about the floor. The patient was transported by air ambulance to the emergency department. Initial examination revealed a large defect of scalp and bone over the right side of the head with active herniation of brain parenchyma out of the defect. CT scanning and CTA of the head revealed a large depressed skull fracture transversing the right sylvian fissure and transecting multiple M 3 and M 4 branches, many of which exhibited active extravasation. There was accompanying intraparenchymal, subdural, and intraventricular hemorrhage. The patient was taken immediately to the operating room for decompressive craniectomy and placement of an intracranial pressure monitor. During the operation he experienced cardiac arrest followed by successful resuscitation. A large amount of venous bleeding was encountered, which was controlled only by placement of nonresorbable packing material. The patient underwent multiple surgical interventions over the next several weeks to months including placement of an external ventricular drain on 3 separate occasions, removal of the intracranial packing material, debridement and washout of the wound on 2 separate occasions, and ventriculoperitoneal shunt placement with a single, subsequent revision. He developed an intracranial infection from Klebsiella and Pseudomonas spp. less than 1 week after the attack that was successfully treated with antibiotics and surgical debridement. Approximately 3 months after the initial attack, he developed a fungal infection localized to the site of injury that was treated with antifungal medications and surgical debridement of the epidural space.
The patient had a large scalp defect from the time of injury that was initially covered by a DuraMatrix-Onlay (Stryker). AlloDerm Regenerative Tissue Matrix (LifeCell Corp.) was sewn to the scalp edges to cover the dural patch and to prevent desiccation (Fig. 2F) . Once the scalp edges showed granulation tissue, the AlloDerm was replaced by a Dermal Regeneration Template (Integra), which provided a framework for blood vessels and dermal skin cells to regrow into the area. Five months after the attack, the exposed dura and the sites covered with Integra were completely covered with granulation tissue. At this point a split-thickness graft was placed over the defect with eventual complete healing of the area (Fig. 2G) . When the child is older, he will likely require a free flap prior to cranioplasty. He continues to have a left hemiparesis and mild developmental delay, but is able to ambulate and communicate verbally.
Case 14
This 6-month-old boy was lying on the floor with his mother nearby when the family's American Bulldog attacked the child without provocation, biting him several times on the head (Fig. 3) . He was brought to the emergency room where he was noted to have normal neurological examination findings. Head CT showed a right frontal, comminuted, depressed skull fracture with associated subarachnoid hemorrhage. One bone fragment penetrated deep into the frontal lobe, nearly reaching the lateral ventricle. He was admitted to the intensive care unit and started on prophylactic antibiotics. The scalp laceration was debrided and closed, but it was elected not to elevate the depressed skull fracture. The patient was discharged home 7 days after the initial injury. He received intravenous antibiotics for several weeks as he was felt to be at high risk for developing an intracranial infection. He recovered without sequelae and is now 4 years old with normal developmental milestones.
Discussion
We performed a retrospective review of all children sustaining dog bites to the head, face, and neck who were admitted to the emergency department of a regional Level 1 pediatric trauma center over 15 years. We found 17 cases of dog attacks on children that required a neurosurgical consultation. Attacks on females and males were nearly equal in this series, a finding contrary to that in other studies in which there is a slight preponderance to male victims. 4, 6 The average age of the child at the time of the attack was younger than 3 years old in this series. The majority of dog attacks in the United States and other countries occurs in children younger than 14 years. 3, 12, 16 All attacks requiring neurosurgical consultation were committed by large-breed dogs. The most common breeds involved in the attacks were German Shepherds and Akitas. Other common breeds included American Bulldogs, large mixed breeds, Labrador Retrievers, and Pit Bulls. According to the American Kennel Club, German Shepherds and Labrador Retrievers are among the top 5 most popular dog breeds in the Denver area (http://www.akc. org/register/top-dogs-by-city/); however, without an accurate census of the dog breed population, it is impossible to draw clear conclusions regarding the incidence of certain dog breeds to be involved in serious attacks on children. Nonetheless, previous studies have shown a "usual suspect" lineup of dog breeds guilty for attacks on children (Table 3) . Pit Bull and Rottweiler are the breeds most commonly implicated in fatal dog attacks. 18 Other breeds commonly reported in serious attacks include Chow, Labrador, German Shepherd, and Great Dane. 2, 4, 6, 7 The traits and characteristics of many of these breeds have been selected over centuries for use in hunting, flock and property protection, or fighting, which may partly explain their propensity for hostile aggression toward children. The majority of attacks were perpetrated by the family dog without witnessed provocation by the child, a finding that has been observed in other series. 2, 4, 6 Besides breed of dog, other risk factors for an attack include dogs that are unneutered and male. 7 Given the ability of large-breed dogs to swiftly inflict severe injuries on children, prevention of an attack is key. Responsible ownership, facilitated by public education, is of utmost importance and should entail the promotion of neutering/spaying of animals, and education regarding the higher risk of a serious attack with certain dog breeds. Parental supervision, though important, may not be enough, given that the majority of attacks in this series occurred in the presence of an adult, even those with catastrophic neurological injury.
As children are often playing on the ground or at eye level with many large-breed dogs when they are standing, there is a propensity for dogs to attack the head and neck. This, combined with the physical characteristics of a softer, more malleable skull in children, leads to the potential for infliction of severe injuries to the head. The strong jaw pressure of large-breed dogs along with the ability of the jaws to encompass both sides of a small child's skull leads to a high rate of depressed skull fractures. 1, 5, 17, 23 Penetrating bone fragments may cause parenchymal or vascular injury. Less dramatic skull fractures commonly involved a puncture hole in the skull 11 with or without dural tear, likely caused by penetration by the dog's large canine teeth. In children younger than 1 year, dural lacerations and parenchymal injury may occur in the absence of significant injury to the skull. 10 An example of this is Case 13 in which the bite was centered around the anterior fontanelle, leading to dural laceration with clinically evident CSF leakage and an underlying parenchymal injury. Lastly, large-breed dogs are capable of exerting a significant amount of blunt force to the child as well, a finding which has been shown to lead to intracranial hemorrhage. 2 Carotid and vertebral artery dissection after a dog attack, as seen in the patient in Case 2, is likely a blunt force mechanism, although direct penetrating injuries to the cervical vasculature have also been described. 15, 27 The late detection of arterial injury in the patient in Case 2 may have led to a delay in treatment of the ICA and vertebral artery injuries. Early recognition of the vascular injury would have allowed for closer monitoring for stroke symptoms, the consideration of further diagnostics such as angiography, and potential treatment with endovascular techniques, although these modalities were much more limited when this patient presented than they are today. It is possible that the vertebral artery injury seen on cerebral angiography-but not detected on CT scanning of the neck-was present as a lower-grade injury that later progressed to complete occlusion in the absence of appropriate treatment. Modern CT angiography of the neck allows for much greater diagnostic detail than the technology available for this case.
Surgical intervention was commonly required in this series. The type of surgery varied, with local debridement, duraplasty, and elevation of depressed skull fractures being fairly common. The patient in Case 11 required multiple neurosurgical interventions, many of which had to be 6 Steen et al. recently published a report on a series of 10 children with intracranial injury from dog bites, of which 50% required surgical intervention. 22 The native oral flora of canines includes multiple aerobic and anaerobic bacteria such as Streptococcus, Staphylococcus, Corynebacterium, Pasteurella, and Bacteroides spp. 8, 20 Infections after dog bite generally occur from those bacteria found in the mouth of the canine or on the skin of the victim. 24 Most infections are multimicrobial, commonly including Pasteurella, Streptococcus, and Staphylococcus spp. 25 Prophylactic antibiotic administration for dog bites is widely performed; however, strong evidence for the effectiveness of prophylactic antibiotics is lacking. 13 The Infectious Diseases Society of America recommends amoxicillin and clavulanate for first-line oral, outpatient therapy; however, the duration of therapy is still not well defined. 24 Despite the use of prophylactic antibiotics, intracranial infection may still occur. 19 These infections may be delayed; thus, follow-up at least several weeks after the initial attack should be performed. It remains to be seen whether patients with evidence of dural penetration suffer higher rates of infection after a dog bite; however, we elected to treat any patient with direct inoculation of a dog's oral flora into the central nervous system with an aggressive regimen of prophylactic antibiotics. In this series, 15 patients received prophylactic antibiotics, and the status of 2 patients was not documented. The patient in Case 11 was diagnosed with an infection at the site of attack on 2 separate occasions, involving 3 different pathogens. This patient was particularly prone to infection, as the initial bite to the head caused a large defect of scalp, bone, and dura, thereby allowing a large amount of the intracranial content to herniate outward. The infections in this patient likely occurred due to bacterial inoculation at the time of the attack as well as contamination of the site at a later point due to the inability to completely cover the wound with native skin.
Severe neurological injury and even death from intracranial injury, though rare, has been reported. 2, 14 The majority of patients in this series (82%) did not incur any neurological deficit as a result of their injury. However, in the 3 patients who did, the injury was catastrophic. Two of these patients had injuries to more than one part of the body. Two had cardiorespiratory compromise, requiring intubation in both and cardiopulmonary resuscitation in one. These cases illustrate the importance of a thorough trauma evaluation on any child who has been attacked by a large-breed dog.
This study has several limitations. First, its retrospective study design has inherent weaknesses including an inability to analyze causality and greater potential for the introduction of bias. Plus, the descriptive nature of the statistics and lack of any control group limited any statistical analysis. Last, the management of patients' injuries, such as antibiotic administration or the need for surgical administration, was at the discretion of the treating provider, which certainly introduced variation in treatment from patient to patient.
conclusions
In this study, large-breed dogs were responsible for all attacks on children requiring neurosurgical consultation. Most dogs were family pets with no history of prior aggression, and most of the attacks occurred at home. Neurosurgical injuries often involve the cranial vault, with depressed skull fractures being the most common injury pattern. Injury to the spinal column and cervical vasculature may also occur. A minority of patients suffer catastrophic neurological injury. Prophylactic antibiotics are commonly used, with amoxicillin-clavulanate the most common primary oral agent. Surgical intervention was required in the majority of cases in which neurosurgical consultation was warranted.
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